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Testing impulsive behavior in rodents is challenging and labor-intensive. We developed a
new behavioral paradigm—the Variable Delay-to-Signal (VDS) test—that provides rapid and
simultaneous assessment of response and decision impulsivity in rodents. Presentation
of a light at variable delays signals the permission for action (nose poke) contingent
with a reward. 2 blocks of 25 trials at 3 s delay flank a block of 70 trials in which light
is presented with randomly selected 6 or 12 s delays. Exposure to such large delays
boosts the rate of premature responses when the delay drops to 3 s in the final block,
an effect that is blunted by an acute methamphetamine challenge and that correlates with
the delay-discounting (DD) paradigm (choice impulsivity). Finally, as expected, treatment
with the NMDA antagonist MK-801 caused a generalized response increase in all VDS
blocks. The pharmacological validation, particularly with methamphetamine which has a
well established dual effect on response and decision impulsivity, and the correlations
between the impulsive behavior in the DD and VDS paradigms, suggests that the later is
able to provide, in a single session, a multi-dimensional assessment of impulsive behavior.
Keywords: rodent behavior, decision impulsivity, response impulsivity, delay-discounting, 5-csrtt,
methamphetamine, MK-801
INTRODUCTION
Impulsivity is defined as a tendency to act prematurely with-
out foresight (Dalley et al., 2011). It is a non-unitary construct
embracing impulsive response and impulsive choice (Evenden,
1999b; Winstanley et al., 2006; Dalley et al., 2011; Dalley and
Roiser, 2012). This multifactorial trait depends on a complex
morphophysiology involving multiple brain areas and neuro-
transmitter systems (Dalley et al., 2011; Dalley and Roiser, 2012).
Impulsivity is part of the normal behavioral repertoire, but, when
out of the normal range, can result in a disruptive behavior,
encountered in several psychiatric disorders including obsessive-
compulsive disorder (OCD), attention deficit/hyperactivity dis-
order (ADHD), mania, substance abuse, and schizophrenia
(Evenden, 1999a,b; Moeller et al., 2001).
Impulsive behavior is also present in rodents, both in normal
conditions and in models of psychiatric disease (Adriani et al.,
2003; Huskinson et al., 2012; Pattij and De Vries, 2013). It has
been assessed in a number of paradigms that are well estab-
lished in terms of their face, construct and predictive validity,
with the go/no-go (Harrison et al., 1999), the stop-signal reac-
tion task (SSRT; Eagle et al., 2008), the 5-choice serial reaction
time task (5-csrtt; Carli et al., 1983) and the delay-discounting
(DD; Evenden and Ryan, 1996) among the most used (for review
see Winstanley et al., 2006; Dalley and Roiser, 2012). The con-
struct of each of these paradigms varies substantially, reflecting
the non-unitary characteristic of impulsivity (Winstanley et al.,
2010; Dalley et al., 2011; Dalley and Roiser, 2012). In the first
three paradigms, impulsive responses result from an inability to
refrain from an action either when waiting for a go signal or in
the presence of an explicit no-go signal, reflecting what is con-
sidered “response impulsivity.” In contrast, in the DD, impulsive
responses are the result of a deliberate choice between a maximal,
though delayed, and an immediate but small, reward, reflect-
ing a so-called “decision impulsivity”. Although these paradigms
have provided valuable tools to study impulsivity in rodents, they
present several limitations including the extensive time commit-
ments (spanning over 2 months in some cases), the possibility
of confounding by factors like attention and reward valuation,
the acquisition of repetitive behaviors (accommodation) due to
the sequential performance of the paradigms and the mono-
dimensionality of the construct assessed in each test, that limits
the behavioral readouts to a single type of impulsivity.
In order to circumvent some of these problems, we developed
a new behavioral paradigm, the Variable Delay-to-Signal (VDS)
test, consisting of a series of trials, in a single 30min session, in
which the time period (60 s) where an action (nose poke) triggers
the delivery of a sugared reward is signaled by a light, presented
after a variable delay; a block of 3 s delay trials is followed by a
block with large and variable delays (randomized between 6 and
12 s) before a final block again with a 3 s delay. Rats learn the oper-
ant sequence (nose poke/reward) rapidly (after a few trials) and
the entire protocol lasts for 10 days, a significant reduction com-
paring to previously described paradigms. In addition, we have
validated the VDS by employing two drugs with well-established
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actions on impulsive behavior, methamphetamine and MK-801,
and by comparing the individual performance against two refer-
ence paradigms, 5-csrtt (response impulsivity) and DD (decision
impulsivity). Given the observed dual pro- and anti-impulsivity
action of methamphetamine (Hayton et al., 2012) in different
components of the VDS and their correlations with the refer-
ence paradigms, we suggest that the VDS provides an effective
assessment of both response and decision impulsivity.
MATERIALS AND METHODS
ORGANIZATION OF THE EXPERIMENTAL PROCEDURES
Three months old, male Wistar Han rats (Charles River
Laboratories, Barcelona, Spain) were used in all experiments.
Animals were kept in a room with controlled temperature (22 ±
1◦C), 12 h light/dark cycle (lights on at 8 a.m.) and housed in
pairs in plastic cages with food andwater available ad libitum. The
dietary regimen was restricted to 1 h of food availability (19:00–
20:00) 3 days before the initiation of the behavioral experiments.
Body weight was thereon controlled to ensure that it did not
go below 85% of the initial value. All procedures involving ani-
mals were approved by local authorities and the experiments were
performed according to the guidelines of European Community
Council Directive 2010/63/EU.
We conducted two independent experiments (Figure 1A):
in the first, 20 animals sequentially performed the VDS
FIGURE 1 | General organization of the validation experiments and
operational diagrams of the VDS and preceding training protocol. (A)
In experiment 1, two VDS protocols were performed in the same group of
animals to test for methamphetamine and MK-801 effects on impulsivity,
followed by the 5-csrtt performed in drug-free conditions during the whole
protocol. In experiment 2, VDS was followed by DD. Each bar represents a
session, except for 5-csrtt and DD whose protocol extension varied
between individuals. (B) The VDS consisted in two parts: the training
protocol (10 sessions) and the VDS proper (1 session); while in the first the
delay-to-signal was fixed (3 s) and pre-signal nose pokes were punished
(TO), in the VDS proper, 2 blocks of 25 trials at 3 s delay were interposed by
a block of 70 trials at 6 and 12 s, pre-signal responses were registered but
not punished with a TO. In both training and VDS the signal duration was
set to a maximum of 60 s; the absence of a response within this period
was registered as an omission. 5-csrtt—5 choice serial reaction time task;
DD—delay discounting; TO—timeout; VDS—variable delay-to-signal task.
under methamphetamine/vehicle (VDS 1), the VDS under MK-
801/vehicle (VDS2) and the 5-csrtt; in the second, 12 animals
without any treatment performed the VDS (VDS3) followed by
the DD. In both the VDS1 and VDS2, animals were assigned to
receive either drug or vehicle according to their performance in
the preceding training sessions, so that both groups had a sim-
ilar mean prematurity score; in addition, in VDS2 both vehicle
and MK-801 groups had a similar number of animals previously
treated with methamphetamine. In VDS 1 session two animals
(one from each group) have not finished the task probably due to
a failure in the reward delivery system; these were excluded from
further analyses.
DRUGS
Methamphetamine was used in VDS 1 session to lessen impul-
sive behavior. A dose of 1mg/Kg of the racemic mixture (effective
dose of 0.5mg/Kg) was administered intraperitoneally in a freshly
prepared solution at a concentration of 1mg/mL (in saline)
30min before the initiation of the session (Hayton et al., 2012).
Methamphetamine hydrochloride was synthesized by an adap-
tation of a previously described method (Milhazes et al., 2007).
The NMDA antagonist MK-801 was used in VDS 2 session to
boost impulsive behavior. A dose of 0.03mg/Kg was administered
intraperitoneally in a freshly prepared solution at a concentra-
tion of 0.03mg/mL (in saline) 10min before the initiation of
the session (Fletcher et al., 2011). MK-801 was obtained from
Calbiochem (CA, USA, Catalog Number: 475878-10MG).
VARIABLE DELAY-TO-SIGNAL
The VDS task was performed in square operant chambers (OC;
25 × 25cm; TSE Systems, Germany) having on a curved wall 5
squared apertures (2.5 cm) elevated 2 cm from the grid floor and,
in the opposite wall, a similar aperture (food magazine) con-
nected to a pellet dispenser. Each aperture contained a 3W lamp
bulb and an infrared beam system to detect the activity of the ani-
mal. Three 5-hole OCs, placed within sound attenuating boxes
with individual electrical fans for ventilation and white noise
production, were simultaneously used in our studies.
Animals were habituated to the testing conditions in 4, twice
daily (am/pm) sessions, 5h apart. In the first 2 sessions, animals
were placed in the OC for 15min with all lights off, access to
apertures 1–5 blocked by metallic caps and 10–15 sugared pel-
lets (45mg, Bioserv Inc., New Jersey, EUA) available in the food
magazine. In sessions 3–4, animals were placed in the OCs for
30min, all lights were on and animals had free pellets available
in the center nose poke aperture (response aperture, 2–3) and
the food-magazine (10–15). The protocol for VDS was initiated
the following day and included two phases, i. training and ii. test
(Figure 1B).
i. Training Sessions were initiated by turning on the house light
and delivering one sugared pellet in the food magazine, the
collection of which started an intertrial interval (ITI) of 3 s to
allow the animal to ingest it. Trials then started, consisting of
a 3 s period with only the house light on (delay period), fol-
lowed by lightning of the response aperture for 60 s (response
period). Nose pokes in this aperture were either punished
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with a timeout (TO) period in complete darkness (5 S), if
performed during the delay period (premature responses), or
rewarded with the delivery of a pellet if performed during the
response period. Collection of a food reward always triggered
a 3 s ITI, before a new trial begun. Except for the TO periods,
the house light was always on. Each session comprised 100 tri-
als to be performed in amaximumof 30min. Training sessions
occurred twice daily, with a 5 h interval in between, for 5 con-
secutive days. The average number of premature responses of
the overall group stabilized at ∼30% in the last 4 sessions of
training.
ii. Test The VDS testing session occurred on a single day and con-
sisted of 120 trials, similar to those previously described, with
the exception of the delay, which was 3 s in the first and the
last 25 trials and randomly either 6 or 12 s in the middle 70
trials (leading to a 3 s – 6/12 s – 3 s configuration), and, impor-
tantly, the fact that multiple nose pokes were allowed during
the delay period, i.e., premature responses did not initiate TO
punishment periods. (Figure 1B).
5-CHOICE SERIAL REACTION TIME TASK
The 5-csrtt was performed in the same apparatus as the VDS, fol-
lowing the general principles originally described by (Carli et al.,
1983). Briefly, each session started with the delivery of one pel-
let. Its collection by the animal initiated the first trial. At this
point the house light is on signaling an ongoing trial. After an
ITI of 5 s one of the five lights in the rear panel was illuminated
for a period of 60 S. Nose pokes in this aperture during the light
period or in the subsequent 5 s were rewarded with one pellet in
the food aperture whose collection marks the beginning of an
ITI that precedes a new light signal. Nose pokes in any of the
other 4 apertures initiated a time-out period of 5 s in darkness
after which a new trial is started (house light on). Each session
consisted in a sequence of 100 trials (or a maximum of 30min)
performed twice a day during the morning/afternoon periods.
The performance of the subjects was assessed using the following
experimental parameters:
• Accuracy—ratio of correct/total number of responses.
• Prematurity—responses during the ITI in any of the five
apertures (triggers a TO).
• Omissions—absence of response in appropriate time.
Other parameters including latency-to-feed and response delay
were also registered. Throughout the sessions the level of diffi-
culty was increased by decreasing the stimulus duration from 60
to 30, 10, 2, and 0.5 S. An accuracy ≥80% and omissions ≤20%
in two successive sessions were considered as criteria for level
change. The last level was performed during 15 sessions. The 5-
csrtt was initiated 2 days after the last session of the VDS; no
training preceded the sessions.
DELAY-DISCOUNTING
The DD task was performed in (OCs; 30.5 cm L × 24.1 cm W ×
21.0H) equippedwith two retractable levers located on either side
of a food magazine and a house light placed in the opposite side
(MEDAssociates). Information regarding animals’ activity within
the OC was registered with MED-PC IV software. Two chambers
were used each placed within an individual sound attenuating
cubicle. In the first 2 days, animals were placed in the OCs for
5min with the house light on and both levers retracted. In the
food magazine 3–5 pellets were made available. From days 3–5 a
continuous reinforcement protocol (CRF) was applied. A single
lever was made available and a sugared pellet was delivered for
each lever press. Sessions were terminated when 50 pellets were
obtained or if 30min had elapsed and were immediately followed
by a similar session differing only in the fact that the levers were
switched. The lever presentation order was counterbalanced over
days 3–5. The second step of the training protocol consisted in 3
sessions (1 per day; days 6–8) onwhich the animal was required to
nose poke the food magazine in order to trigger the lever presen-
tation and initiate the trial when the house light was on. Only one
lever was presented at each trial in a random and balanced fash-
ion (i.e., left and right levers were presented an equal number of
times) up to 90 trials with a fixed duration of 70 S. The DD proper
sessions consisted in 4 blocks of 10 trials each with an organiza-
tion similar to that described for training days 6–8 differing in
that the nose poke in this case triggers the simultaneous presen-
tation of both levers. One lever is now associated with a small (1
pellet) but immediate reward and the other with a large (4 pel-
lets) but delayed reward (delays: 0, 15, 30, and 45 s respectively in
the 1st, 2nd, 3rd, and 4th blocks). The value attributed to each of
the two levers is balanced between animals. Each block of 10 tri-
als is preceded by two forced-choice trials in which each lever is
individually presented and the pellets are delivered according to
the respective block parameters. The DD sessions were repeated
uninterruptedly for 20 days and the animals that maintained a
robust selection of the favorable lever in the 1st block—5 consec-
utive days with preferences over 70%—were selected for analysis
(N = 8). The area under the curve (AUC) was used as the main
measure of impulsive DD, but data were also analyzed according
to the exponential or the hyperbolic functions (Odum, 2011).
STATISTICAL ANALYSIS
Data is presented as mean ± SEM and analyzed using 1- or 2-way
analysis of variance followed by a post-hoc (Tukey) for multiple
comparisons. Independent-samples t-test was used to test for the
drug effect within each delay. Intra-individual comparisons in dif-
ferent paradigms were performed by linear regression analyses.
Results were considered statistically significant if p < 0.05.
RESULTS
PHARMACOLOGICAL VALIDATION
We tested the ability of the VDS to discriminate impulsive behav-
ior in conditions known to decrease or increase impulsivity.
As expected, acute challenge with methamphetamine (VDS1)
diminished, whereas acute treatment with MK-801 (VDS2) aug-
mented, the absolute number of impulsive responses (IR) [VDS1:
F(1, 16) = 5.416 p = 0.033; VDS2: F(1, 18) = 23.258 p < 0.001]
(Figures 2A–D). Additionally, although the number of premature
responses varied in accordancewith the delay in both experiments
[VDS1: F(3, 48) = 90.248 p < 0.001; VDS2: F(3, 54) = 254.888
p < 0.001], this effect was stronger in the saline group as com-
pared to the methamphetamine group [VDS1: F(3, 48) = 5.478
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FIGURE 2 | Pharmacological validation of the VDS with
methamphetamine and MK-801. (A–F) Methamphetamine (VDS1) and
MK-801 (VDS2) decreased and increased, respectively, the absolute
number of premature responses (A, C) and the number of premature
responses per available minute of delay (B, D). In the case of
methamphetamine, but not MK-801, this pattern was inverted in the
initial second of the 3 s (i) delay segment (B′, D′). The absolute
(E) and the accumulated (F) average prematurity/trial response profile is
presented in a segmented (500ms periods) fashion for each delay
segment 3 s (i), 6, 12, and 3 s (f). The same analyses are presented to
compare the saline controls in VDS1 and 2 experiments (G–K). No
differences were observed between VDS 1 and 2 nor between the
impulsive behavior in the preceding training sessions (I) indicating that
the VDS permits multiple tests without significant alterations of the
basal behavior. Statistically significant comparisons between delay
segments are marked with a horizontal line over the relevant graph
bars; statistically significant comparisons between groups are marked
over the graph bar of lowest value. ∗P < 0.05; ∗∗P < 0.01; data
presented as mean + S.E.M. 5-csrtt—5 choice serial reaction time task;
DD—delay discounting; VDS—variable delay-to-signal task.
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p = 0.016] and in the MK-801 compared with the respective
saline group [VDS2: F(3, 54) = 26.066 p < 0.001] (Figures 2A,C).
Importantly, the ability of the protocol to detect changes in
impulsivity was further confirmed by an analysis of response rates
(responses per minute of delay–IR/m), which were decreased by
methamphetamine treatment and increased by acute MK-801
injections [VDS1: F(1, 16) = 4.815 p = 0.043; VDS2: F(1, 18) =
17.449 p = 0.001]. Interestingly, this analysis also revealed that
although animals from all groups kept their premature response
rate approximately constant across the 3 delay blocks, they
increased it in the last 3 s delay [VDS1: F(3, 48) = 6.931 p = 0.011;
VDS2: F(3, 54) = 28.166 p < 0.001], an effect that was present in
the saline group but not in the methamphetamine group [VDS1:
F(3, 48) = 8.767 p = 0.005] and was stronger in theMK-801 com-
pared with the respective saline group [VDS2: F(3, 54) = 12.973
p < 0.001] (Figures 2B,D).
To further explore the possibilities offered by VDS in the
characterization of impulsivity, we decided to partition data
from each delay block into 500ms intervals, the results of
which (pooling data from VDS1 and VDS2 together) are
depicted in Figures 2E,F. Overall, this analysis was in line
with our previous data in that methamphetamine treated ani-
mals showed decreased, whereas animals treated with MK-801
had increased, premature responses and response rates com-
pared with saline treated animals, particularly near the end
of each delay block and more obvious across the entire final
delay block [3 s(f)]. This way of looking at our data also
revealed an alteration to the overall response pattern, specifi-
cally of methamphetamine treated animals, in the initial 1000ms
of delay, which prompted us to analyze premature response
rates on this initial period across delays and treatment groups
(Figures 2B′,D′). In this initial period of each delay block,
MK-801 maintained its pro-impulsivity effect [F(1, 18) = 13.780
P = 0.002] whereas methamphetamine failed to reduce impul-
sivity [F(1, 16) = 0 P = ns], with pairwise comparisons even
revealing a significant increase in response rates of metham-
phetamine treated animals in the first (3 s) delay block (t16 =
−3.180 p = 0.006). However, in line with results from the entire
delay period, data from the first 1000ms also showed that
methamphetamine treatment, but not MK-801, prevents the
increase in premature response rates observed in the last delay
block [3 s(f)] of the other experimental groups [VDS1: delay
F(3, 16) = 5.163 P = 0.012 drug′delay F(3, 48) = 7.533 P = 0.002;
VDS2: delay F(3, 18) = 11.918 P < 0.001 drug∗delay F(3, 54) =
3.209 P = 0.063] (Figures 2B′,D′).
To test the presence of a putative effect of VDS repeti-
tion on impulsive behavior (Figures 2G–K), we compared the
performance of the saline groups in VDS1 and VDS2. Apart
from confirming a significant effect of the delay block both
in the number of responses, that varied according to the
amount of delay, [F(3, 48) = 193.262 P < 0.001] and in the
response rate, which was constant in the first 3 delay blocks
but increased dramatically in the last (3 s) period [F(3, 48) =
12.460 P = 0.001], we could not find any significant effect of
experiment on either parameter [number of responses VDS1 vs.
VDS2: F(1, 16) = 2.607 P = ns; response rate VDS1 vs. VDS2:
F(1, 16) = 2.468 P = ns] nor any interaction between experi-
ment and the effects of delay block described above [number
of responses experiment*delay: F(3, 48) = 2.660 P = ns; response
rate experiment∗delay: F(3, 48) = 3.422 P = ns] (Figures 2G,H).
Similarly, the response pattern along the delay blocks was simi-
lar in both saline groups (Figures 2J,K). Importantly, metham-
phetamine and MK-801 at the selected doses had no sedative
or motivational effects, as no differences were observed in the
latency to feed (Figure 3A). On the contrary, the two drugs had
contrasting effects in response latency. While methamphetamine
treatment had no effect in this parameter [F(1, 16) = 0.002 P =
ns] and failed to abrogate a decrease in response latency in
the last delay block [3 s(f)] [delay: F(3, 48) = 14.508 P < 0.001;
drug∗delay: F(3, 48) = 2.494 P = ns], MK-801 had a profound
effect, not only shortening response latencies [F(1, 18) = 7.011
P = 0.016] but also reducing the influence of delay block on them
[delay: F(3, 54) = 24.352 P < 0.001; drug∗delay: F(3, 54) = 10.403
P < 0.001]. (Figures 3B,C).
COMPARISONS WITH REFERENCE PARADIGMS
In order to further characterize the profile of impulsivity assessed
by the VDS, we compared it against reference paradigms, namely
the 5-csrtt (in experiment 1) and DD (in experiment 2). The
parameters used to correlate assessments of impulsivity of the
same animal made in different paradigms were: i) the average
number of impulsive responses in the last 5 days of training before
VDS, a period where impulsive responses were stable (Figure 2I),
ii) the average rate of impulsive responses per minute of delay,
partitioned in segments of 3 S, during the VDS, iii) the aver-
age number of impulsive responses in the different stages of the
FIGURE 3 | Methamphetamine and MK-801 influence on (A) latency to
feed and (B,C) response latency measures. Statistically significant
comparisons between delay segments are marked with a horizontal line over
the relevant graph bars; statistically significant comparisons between groups
are marked over the graph bar of lowest value. ∗P < 0.05; ∗∗P < 0.01; data
presented as mean + S.E.M. VDS—variable delay-to-signal task.
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5-csrtt - 60, 30, 10, 2, and 0.5 s of signal duration—and iv) the
AUC in the DD.While comparisons 5-csrtt and training included
all animals of experiment 1, only animals injected with saline were
used for comparisons with VDS 1 and 2 (Figure 4). The number
of impulsive responses in the training protocol of both VDS 1 and
2 was strongly correlated with the first stage of the 5-csrtt, but
not with later stages of increasing attentional demand (Figure 4;
Table 1). On the contrary, the best correlate of the rate of impul-
sive responses in the VDS was performance in the 10 s stage of
the 5-csrtt, but not in periods with shorter or longer stimulus
presentations (Figure 4; Table 1). Finally, the rate of premature
responses per min in the last delay block of the VDS (as well
as in part of the 12 s delay) was negatively correlated with the
AUC of the DD (of note, in this test a smaller area corresponds
to a higher impulsivity) (Figure 4; Table 1). Importantly, this sig-
nificant correlation also holds true when using the coefficients
derived by fitting an exponential or hyperbolic function to the
response curve.
DISCUSSION
The VDS paradigm was designed according to some simple prin-
ciples: (i) The task (and its training protocol) is performed in a
standard 5-csrtt apparatus in which only the center nose poke
aperture is available. Such approach has been tried before by
Dalley and colleagues (2002) and is intended to increase the
efficiency of the task by reducing the attentional load. (ii) The
training protocol consists in twice daily sessions on a “differential-
reinforcement-of-low-rate” (DRL)-like schedule that quickly (4
days) achieve stability and a high degree of learning. Of notice,
premature responses under DRL are often considered a measure
of impulsivity, particularly under stable schemes such as ours
(Pizzo et al., 2009) and can even be conceptualized as a delay
discounting (Monterosso and Ainslie, 1999) which, although not
the focus of the present paper, can also contribute to enrich the
assessment of impulsivity obtained with the VDS. (iii) The initial
block of 25 trials with 3 s delays until light presentation estab-
lishes a baseline against which results of the other blocks can
be compared and assesses the acquisition of the training pro-
tocol. In our pharmacological assays, baseline behavior did not
differ between saline and methamphetamine (VDS1) or MK-801
FIGURE 4 | Relevant correlations between 5-csrtt and DD performances
and the VDS. (A) The average number of premature responses in the 60 s
stage of the 5-csrtt correlated with the number of premature responses of
both VDS 1 and VDS 2 training periods. (B) Preference for delayed choices
(as measured by the AUC) in DD was inversely correlated with premature
responses in the 3 s (f) period of the VDS. See Table 1 for complete
analyses. 5-csrtt—5 choice serial reaction time task; AUC—area under the
curve; DD—delay discounting; VDS—variable delay-to-signal task.
(VSD2) groups. (iv) The following block of 70 trials exposes
animals to larger delays of 6 and 12 s, randomly presented.
Importantly, this probably induces two sources of behavioral
control, similarly to what happens in mixed-fixed interval (FI)
experiments (Whitaker et al., 2003), that might contribute to the
increased responding observed in the final 3 s-delay block (Baron
and Leinenweber, 1995). (v) The last block consists of 25 trials
with a delay of 3 s before light presentation, in which control
animals present an increased response rate; this is in accordance
with current concepts in behavioral timing, in which the rate of
responding has an inverse relationship with the duration of the
interval (Kirkpatrick, 2002; Guilhardi et al., 2005).
An approach similar to ours, a go/no-go task using delays
of variable duration (9 to 24 s) has been already described by
Mitchell and co-workers (Gubner et al., 2010; Moschak and
Mitchell, 2012). However, while the variable delays constitute the
core of their task, from which measures of impulsive behavior
are taken, the variable intervals in the VDS act as a trigger of
increased impulsivity between the basal 3 s block and the final
3 s block, contributing to unmask manifestations of impulsive
behavior. In addition, while the VDS can be conducted in a sin-
gle session after a training protocol of fixed duration (10 sessions,
5 days), the total number of training sessions in the previously
described task can amount to 11 days, depending on each animal’s
performance.
In a first attempt to characterize VDS, we assessed animals
acutely treated with MK-801 or methamphetamine, two drugs
with well described and opposite effects on impulsive behavior.
Supporting its validity as a test of impulsivity, acute MK-801
treatment (VDS2), which induces enhanced impulsivity (Fletcher
et al., 2011), caused a generalized increase in the number and
rate of premature responses across all delay blocks, whereas acute
challenge with methamphetamine (VDS1), which acts as a sta-
bilizer of impulsive decisions in animals (Richards et al., 1999;
Winstanley et al., 2003) and humans (De Wit et al., 2002), pre-
vented the increase in premature response rates displayed by
control animals in the last (3 s) block. Interestingly, the latter
results seem to be critically dependent on the existence of a pre-
vious block of randomly presented 6/12 s delays in our protocol,
since it was shown that only variable delays, as opposed to fixed
delays, trigger the inhibitory action of acute methamphetamine
upon premature responses on a FI protocol (Hayton et al., 2012).
Besides this effect on the last block, metamphetamine treatment
also resulted in a completely stable response profile across blocks,
independently of the delay. Of notice, this enhanced delay toler-
ance is in accordance with data from DD tasks in which acute
amphetamine induces a delay insensitive behavior (Winstanley
et al., 2003).
To further characterize VDS, we correlated performance in
our test with results of the same animals in one of two standard
paradigms of impulsivity (Winstanley et al., 2010; Dalley et al.,
2011; Dalley and Roiser, 2012): the 5-csrtt (VDS1) and the DD
(VDS2). For these comparisons, VDS delays were divided in bins
of 3 s for several reasons: (i) all delays were multiple of 3 and
therefore this was a convenient option for analyses; (ii) the train-
ing protocol was set at a periodicity of 3 S/trial and therefore this
could be considered the basal value of delay tolerance; (iii) we
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observed that the impulsivity response profile along the delay was
not stable and varied in periods of ∼3 s (see Figure 2E).
The strong positive correlation between impulsive behavior in
the initial stage of the 5-csrtt and the training period preceding
the VDS fits with the fact that both tests use a DRL-like sched-
ule, in which premature responses lead to a time-out period. In
contrast, there were almost no significant correlations between
impulsivity behavior in the 5-csrtt and the VDS, which likely
relates to the fact that, in contrast to the training period, pre-
mature responses in the VDS are not “punished.” Indeed, this
protocol difference implies that parameters used as measures
of impulsivity in both tests are of a fundamentally different
nature (percentage of prematurely interrupted trials in the 5-
csrtt vs. number/rate of premature responses in the VDS) and
probably correspond to different types of impulsivity. This idea
is supported by the fact that methamphetamine administration
decreased impulsivity in the VDS (present study) and deci-
sion impulsivity paradigms, including the DD (Richards et al.,
1999; Winstanley et al., 2003), but increased response impul-
sivity in the 5-csrtt (Cole and Robbins, 1987; Fletcher et al.,
2011). In line with this, and despite its overall inhibitory action,
is the observation that metamphetamine increased the rate of
premature responses in the first second of the delay period
might reflect increased response impulsivity. More importantly,
the rate of premature responses in the final 3 s block of the
VDS was strongly and significantly correlated with preference
for delayed choices in the DD, either quantified by the AUC
or by an equivalent parameter in terms of hyperbolic or expo-
nential discounting functions (Odum, 2011). As the latter is the
gold-standard in decision impulsivity assessment, this, together
with data on metamphetamine and MK-801 discussed above,
strongly supports the validity of VDS as a test of impulsive
behavior.
The VDS presents a number of advantageous characteristics
over the available impulsivity paradigms: (i) It has a significantly
shorter training period (10 twice daily sessions) when compared
with the≈35–55 days of 5-csrtt and DD (Winstanley, 2011), (ii) it
requires only one test session, (iii) it is resistant to multiple testing
(has almost no test-retest effect) making it particularly suitable for
longitudinal assays. Our validation assays, namely in the compar-
isons with the 5-csrtt and DD, relied in the intrinsic behavioral
variability of an outbred population (Wistar Han), and not in
artificially induced variability (e.g., by drug treatments or genetic
manipulations), reinforcing the sensitivity of our paradigm in
terms of impulsivity assessment. It should, however, be stated that
the VDS does not replace paradigms like the 5-csrtt, where impul-
sivity is measured in conditions of high attention demand or like
the DD, where an actual choice is presented. Recently, we have
used an earlier version of the VDS to successfully demonstrate
alterations in impulsive behavior in animals with neuropathic
pain (Leite-Almeida et al., 2012).
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